Introduction {#s1}
============

Halophiles are the class of extremophiles which inhabit saline/hypersaline habitats. Halophilic proteins retain their structural and functional integrity under such high salt conditions (Oren, [@B39]). Certain unique structural features enable them to sustain their structure and physiological activities at high salt. These proteins, thus offer a unique model system to decipher structure function modulation under saline environment.

A perfect model that accurately explains how salts stabilize a protein is still debatable. Earlier studies on some of the extreme halophilic and haloarchaeal enzymes like *Haloarcula marismortui* malate dehydrogenases (Hm MDH) (Mevarech et al., [@B36]) and *Halobacterium salinarum* ferredoxins (Gafni and Werber, [@B17]) indicated that their enzymatic properties are fully expressed only in the presence of salt and that the gradual withdrawal of salt leads to the unfolding of protein. However, current understanding has emerged that requirements of high salt for activity and stability would rather be a restrictive definition of the halophilic proteins isolated from extreme halophiles. In many cases such as MDH from *Salinibacter ruber* (Madern and Zaccai, [@B35]), α-amylase from *Har. hispanica* (Hutcheon et al., [@B19]), the enzyme is not completely inactivated in the absence of salt. Hm MDH from different studies have shown the enzyme to be stable at millimolar concentration of salts in the presence of divalent cations or coenzyme (Bonneté et al., [@B5]; Madern and Zaccai, [@B34]).

Haloadaptations of proteins *viz*. presence of increased number of acidic amino acid residues on protein surface, smaller hydrophobic patches as well as salt bridges between acidic and strategically positioned basic residues have been previously defined (Lanyi, [@B25]; Eisenberg et al., [@B12]; Danson and Hough, [@B8]; Madern et al., [@B32]). Since then, structural analyses have revealed two significant differences in the characteristics of the surface of the halophilic enzymes. The first of these is that the excess of acidic residues are predominantly located on the enzyme surface forming a hydration shell that protects the enzyme from aggregation under high salinity. Secondly, the surface also displays a significant reduction in exposed hydrophobic character, which arises from a reduction in surface-exposed lysine residues. Oren ([@B40]) recently reviewed the occurrence of acidic proteomes in halophiles for a better understanding of the modes of haloadaptation at the cellular level.

The halophilic proteins remain highly soluble in high salt milieu whereas their non-halophilic counterparts precipitate. The most appropriate model that explains the changes in solvent properties of halophilic proteins is the "solvation-stabilization model" (Ebel et al., [@B11]; Costenaro et al., [@B7]; Ebel et al., [@B10]). The thermodynamic basis in such cases has been well explained by Zaccai ([@B56]). The model reflects that solubility, and changes in stability are intrinsically coupled. Extensive characterization of orthologous enzymes from extreme halophilic microorganisms, have shown that the unique adaptive feature which is shared by stable and unstable halophilic proteins is their high solubility at high salt concentration (Coquelle et al., [@B6]). Crystallographic analysis on halophilic and non-halophilic MDH from *Salinibacter ruber* and *Chloroflexus aurantiacus* respectively successfully established that acidic amino acids in the former were involved in disruption of pentagonally arranged network of water molecules within the hydration shell of halophilic protein (Talon et al., [@B51]). The acidic enrichment was attributed to an "evolutionary innovation" which enabled the protein to adapt under saline stress and suitably alter inherent protein-solvent interactions. A correlation between an increase of acidic amino acid and a favorable change of solubility in halophilic proteins has also been established by Tadeo et al. ([@B49]).

A good amount of data has emerged in recent years which indicate a protective role of salt in stabilizing these proteins against classical denaturants. The present article encompasses the major haloadaptations directed toward understanding the basis of stability against classical denaturants. A critical understanding of how halophilic proteins, under the influence of salt, retain structural and functional integrity amidst denaturing milieu will provide guidelines and templates for engineering stable proteins/enzymes for industrial applications.

Basic aspects in protein stability
==================================

The effects of salt on structure and function of non-halophilic proteins have been well worked out. The presence of high salt in a protein solution will have the following implications: disturbance in local water structure around the protein; decreased propensity for intermolecular hydrogen bonds, affecting protein solubility, binding, stability and crystallization; increased surface tension of water, striping off the essential water layer from the protein surface and increased hydrophobic interactions, causing protein aggregation and precipitation. To sum up, the protein structure and consequent functions are adversely affected by high salt concentrations.

Protein denaturation
====================

Denaturation of a protein refers to the loss of biological activity due to structural changes in the protein brought about by physical or chemical factors such as pH, temperature, salt, detergents, organic solvents or chaotropic agents. The secondary, tertiary or quaternary structures are largely affected upon denaturation. Some of the important mechanisms of protein denaturation are (<http://class.fst.ohio-state.edu/FST822/lectures/Denat.htm>):

-   High temperature weakens the inherent bonds in protein. Further heating disrupts the hydrogen bonds within protein and new hydrogen bonds are established with surrounding water molecules thus breaking the helical structure.

-   Water miscible solvent (less polar than water) lowers the dielectric constant of the system thereby strengthening electrostatic interactions among molecules. The protein largely unfolds exposing hydrophobic groups to the solvent causing aggregation and precipitation.

-   Proteins are usually more soluble in dilute salt solutions because the salts in their ionic forms associate with opposite charges within the protein moiety, leading to increased hydration of the surface. However, at very high salt concentration, the increased surface tension of water generates a competition between protein and salt ions for hydration. Salts strip off the essential layer of water molecules from the protein surface eventually denaturing the protein.

-   Protein denaturation by urea may occur by direct or indirect mechanisms (Lindgren and Westlund, [@B29]). Urea may directly interact with proteins by hydrogen bonding with the polarized areas on protein surface, weakening intermolecular bonds and protein structure. Guanidium hydrochloride (GdmCl) has a similar mechanism but is a more effective denaturant than urea. In an indirect mechanism, urea may disturb the water structure causing destabilization of the protein.

-   Acids and bases alter the pH of the solution as well as disrupt the salt bridges which are primarily stabilizing ionic interactions between opposite charged amino acid residues on protein surface. Heavy metal salts *viz.* Hg^2+^, Cd^2+^, Pb^2+^, Ag^+^ similarly disrupt salt bridges or disulfide linkages in proteins leading to an insoluble metal protein complex. SDS induced protein denaturation involved unfolding of tertiary structure and "chain expansion" (Bhuyan, [@B4]).

Salt is essential for maintaining structure and function of halophilic proteins
===============================================================================

Evidently, presence of salt is a prerequisite for functioning of halophilic proteins (Mevarech et al., [@B37]). Large number of studies have been undertaken to investigate the role of salt in regulating structures and function of extremely/ moderately halophilic enzymes. Some of these are summarized in Table [1](#T1){ref-type="table"}. The data suggests at the precise salt dependence of protein structures in halophiles. Majority of the studies indicate loss of enzymatic activity upon salt removal. These observations have been well supported by structural data. While the protein remained predominantly unfolded or randomly coiled in salt free medium, salt promoted increase in negative ellipticity and subsequent refolding. The effect of other metal ions on the activity and stability of halophilic enzymes have also been investigated. Differential roles of divalent Ca^2+^ and monovalent Na^+^ in preventing unfolding and regulation of catalytic activity respectively was also reported recently for *Bacillus* sp. EMB9 protease (Sinha and Khare, [@B46]). Salt and divalent metal ions were reported to independently stabilize and regulate catalysis and folding of RNase H1 from *Hbt.* sp. NRC-1 (Tannous et al., [@B52]). In a different study, changes in tertiary structure of ferredoxin were associated with removal of Fe^3+^ (Gafni and Werber, [@B17]).

###### 

**Effect of salt on activity and structure of halophilic enzymes**.

  **Enzyme**                            **Microorganism**                                                           **Salt range investigated**   **Structure-function correlation**                                                                                                                                                                                                        **Reference**
  ------------------------------------- --------------------------------------------------------------------------- ----------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------
  Malate dehydrogenase                  extreme halophilic bacteria from the Dead Sea                               0--4.0 M NaCl                 Salt withdrawal caused loss of enzymatic activityDistorted ellipticity with complete loss of secondary structure                                                                                                                          Pundak and Eisenberg, [@B42]
  NADP-glutamate dehydrogenase          *Haloferax mediterranei*                                                    33 mM                         Fluorescence spectra remained unaltered until KCl concentration was lowered to 33 mMAt 33 mM KCl, time dependent decay of activity and complete fluorescence quenching                                                                    Ferrer et al., [@B16]
  Thermolysin                           *Bacillus thermoproteolyticus*                                              1--5 M NaCl                   Activity enhanced by 15 fold in presence of 4 M NaClHeat stability doubled in presence of 1.5 M NaCl supported by CD spectral data                                                                                                        Inouye et al., [@B20]
  Transducers HtrX and HtrX1            *Halobacterium salinarum*                                                   0.2--3.6 M NaCl or KCl        Under low-ionic-strength conditions (\~0.2 M NaCl or KCl) HtrXI assumed a random coil structure while HtrX retained 85% α-helicityAddition of NaCl or KCl led to increase in α-helical characters for both                                Larsen et al., [@B26]
  Fe2-S2 ferredoxin                     *Halobacterium salinarum*                                                   0.1--4.5 M                    Unfolding at low salt; time dependent loss of secondary structureDestabilization of the Fe2-S2 center of ferredoxin at low salt                                                                                                           Bandyopadhyay and Sonawat, [@B3]
  Dihydrofolate reductase (DHFR)        *Haloferax volcanii*                                                        0.12 M and 3 M KCl            *Hv* DHFR inactivation below 0.5 M KClSecondary and tertiary structures showed analogy with the activity trend                                                                                                                            Wright et al., [@B55]
  Nucleoside diphosphate kinase (NDK)   *Natrialba magadii*                                                         90 mM--3.5 M NaCl             Red shift of λ~max~ from 333 nm (at 1.75 M NaCl) to 340 nm (without NaCl) in fluorescence spectra                                                                                                                                         Polosina et al., [@B41]
  Isocitrate dehydrogenase (ICDH)       *Haloferax volcanii*                                                        0--5.0 M NaCl                 Dissociation of the protein at low NaClHigh α-helical content at 4 M NaCl was indicative of a fully folded active enzyme while partially folding observed at low concentrationIrreversible denaturation below a threshold concentration   Madern et al., [@B30]
  α-amylase AmyH                        halophilic archaeon *Haloarcula hispanica*                                  0--4.0 M NaCl                 Retained structural and functional integrity in the absence of saltIntrinsic fluorescence suggest that it did not unfold at low salt but may get slightly more loosely foldedVery stable in high-salt buffer                              Hutcheon et al., [@B19]
  Esterolytic enzyme LipC               archaeon *Haloarcula marismortui* and overexpressed in *E. coli* BL21       0--5.1 M NaCl                 Far UV-CD showed maximum negative ellipticity at 3.4 M NaCl.Considerable loss of secondary structure, as salt concentration was varied away from the optimal value                                                                        Rao et al., [@B43]
  Recombinant esterase                  *Haloarcula marismortui*, (Hm EST), cloned and overexpressed in *E. coli*   0--500 mM KCl                 Unfolded protein in salt-free mediumPronounced negative ellipticity, increase in α-helical content upon addition of KCl                                                                                                                   Müller-Santos et al., [@B38]
  Protease                              *Geomicrobium* sp. EMB2                                                     0--10% (w/v) NaCl             Secondary structure of the protease unfolded in salt-free mediumStructure regained by inclusion of 2--5% NaCl                                                                                                                             Karan and Khare, [@B23]
  Nep extracellular protease            *Natrialba magadii*                                                         1.0--3.0 M NaCl               Irreversible denaturation, aggregation and loss of activity of Nep in the absence of salt; random coil structure in CD spectraSecondary conformation sufficiently folded in salinity profile                                              Souza et al., [@B48]

However, anomalies to the above generic trend cannot be ruled out. *S. ruber* MDH and *Har. hispanica* amylase remained completely active and structured even in absence of salt (Madern and Zaccai, [@B35]; Hutcheon et al., [@B19]). Likewise, glutamate dehydrogenase (GDH) from *Hbt. salinarum* was catalytically active under both low and high salt (Ishibashi et al., [@B22]). The exact reason for such stability is not known but it is plausible that the folded protein is structurally rigid enough to remain folded in the correct conformation and withstand non-saline environment.

Effect of denaturants on halophilic proteins: protective role of salts
======================================================================

Haloadaptations are perceived to impart stability to halophilic proteins against denaturants. Increasing evidences have gathered now to indicate the role of salt in protecting proteins against denaturants. Studies show that in the presence of salt, secondary and tertiary structure are maintained rigidly against denaturants. However, the question remains the precise mechanism which enables this stability in halophilic enzymes. Few of the important instances have been discussed below.

Effect of temperature
---------------------

Thermal stability in proteins is attributed to the combination of factors like improved core packing, increased ionic interactions, decreased hydrophobic surface area, helix stabilization and reduced conformational strain (Sinha and Khare, [@B47]). Stability at high temperatures in halophilic proteins has been found to be regulated by presence of salt. β-lactamase from halophilic *Chromohalobacter* sp. retained \~82% of its activity after heat treatment at 100°C for 5 min (Tokunaga et al., [@B54]). This was indicative of a "reversible renaturation" of the lactamase induced by salt. *Hbt. salinarum* NDK also refolded back post heat treatment in a similar manner at higher concentrations of salt (Ishibashi et al., [@B22]). "Irreversible aggregation" may have possibly been averted due to the presence of acidic amino acid residues on the protein surface. In another study, higher thermal stability was imparted to *Hbt.* sp. SP1(1) by 4 M NaCl than 2 M (Akolkar and Desai, [@B1]).

Effect of chaotropic agents
---------------------------

Investigations on the effect of urea or GdmCl on some halophilic proteins revealed that these are relatively more stable toward denaturation compared to their non-halophilic analog (Dodia et al., [@B9]; Karan and Khare, [@B23]). Protective role of salt against urea induced denaturation has been evidenced in case of NDK from *Nab. magadii* (Polosina et al., [@B41]). At 3.5 M NaCl, it retained complete activity even at 6 M urea. This unique stability was attributed to the possible formation of strong intersubunit contacts within the quaternary structure of the halophilic protein which may have imparted stability to the subdomains and prevented denaturation. Fluorescence spectral analysis established that *Har. hispanica* α-amylase, at 4 M NaCl remained fully folded and conformationally active even in the presence of 6 M urea (Hutcheon et al., [@B19]). The protein was less structured in absence of salt and gradually lost its overall structure upon increasing urea concentrations. It is likely that charge screening effect imposed by salt ions may have prevented the urea from coming in close vicinity of the polar patches on halophilic protein thereby averting their interaction and subsequent denaturation.

Effect of organic solvents
--------------------------

Organic solvents behave as mild chaotropic agents. They disrupt hydrogen bonds between protein subunits and reduce the catalytic efficiency by affecting the critical water concentration at the active site. Solvent stability is increasingly being evidenced as a generic trait among halophilic enzymes (Gupta and Khare, [@B18]). The presence of high salt reduces the water activity significantly. Halophilic enzymes are thus uniquely adapted to function in low water/ non-aqueous media (Kumar and Khare, [@B24]). Significant solvent stability among halophilic enzymes has been reported by different groups (Shafiei et al., [@B45]; Li and Yu, [@B28]; Li et al., [@B27]; Sinha and Khare, [@B46]). However, very little has been investigated about the structure of halophilic enzymes in organic solvents.

Recently, the solvent induced conformational changes have been assessed. Fluorescence investigations of halophilic alcohol dehydrogenase (ADH2) from *Hfx. volcanii* affirmed that salt influences the correct folding of proteins in organic solvents (Alsafadi and Paradisi, [@B2]). The α-helical content of *Geomicrobium* sp. protease remained unaffected in 50% (v/v) n-hexane and n-decane in presence of 5% (w/v) NaCl (Karan and Khare, [@B23]). Withdrawal of salt caused loss of α-helical structure.

Effect of mutations
-------------------

Preliminary understanding about the mechanism of salt supported structural protection has also emerged from site directed mutagenesis (SDM) experiments. The importance of acidic peptide motif in halophilic enzymes to withstand saline stress was shown by Evilla and Hou ([@B15]). Presence of insertion peptide in extreme halophile *Hbt.* sp. NRC-1 cysteinyl tRNA synthetase (CysRS) showed strong salt dependence, and enhanced enzyme stability at low salt. Deletion of the motif reduced aminoacylation efficiency.

Extensive SDM on halophilic MDH from *Har. marismortui* produced a mutant which was more "halophilic" than the wild type enzyme (Madern et al., [@B33]). Its structure was solved allowing highlighting the important role of protein solvent interactions in the stabilization of a halophilic protein (Richard et al., [@B44]). Others SDM studies on Hm MalDH have also demonstrated the important role of anion binding site in the stabilization process (Madern et al., [@B32]; Irimia et al., [@B21]; Madern and Ebel, [@B31]). Mutation of several solvent exposed acidic amino acid residues with lysine in *Hfx. mediterranei* glucose dehydrogenase resulted in proteins displaying a slightly less halophilic behavior than the wild type enzyme (Esclapez et al., [@B14]). Mutation studies on glucose dehydrogenase and isocitrate dehydrogenase from extremely halophilic Archaea *Hfx. mediterranei* and *Hfx. volcanii* have also recently contributed to understanding of the molecular basis of salt tolerance for halophilic adaptation (Esclapez et al., [@B13]).

Replacement of 7 Ser residues in thermolysin by Asp improved stability and activity of its mutants (Takita et al., [@B50]). In the presence of 4 M NaCl, hydrolytic activity of all mutants increased 17--19 folds. Halophilic characteristics were imparted to *Pseudomonas* NDK by replacing 2 Ala residues at its C-terminal end with acidic residues (Glu-Glu) (Tokunaga et al., [@B53]). Conversely, introduction of Ala-Ala into *Halomonas* sp. 593 NDK (Ha NDK) in place of Glu-Glu caused loss of enzyme halophilicity and critically affected the enzyme properties as well as secondary structure. While the wild type Ha NDK remained stable against dilution induced inactivation, the mutant form was easily irreversibly destabilized by dilution, regardless of presence of salt.

Above studies highlight that protein halophilicity bears a strong correlation with (i) the necessity and importance of acidic amino acid residues on its surface and (ii) the presence of salt which serves important role in restoring/preserving functionality in a halophilic enzyme. On the basis of available data, we may infer that there possibly exists a subset among halophilic proteins which successfully retain structure and activity even under unfavorable conditions. Although, this cannot be generalized, the ability of moderately halophilic enzymes to withstand denaturing environments has not been explored much and provides ample scope for future research.

Conclusion {#s2}
==========

The article reviews the present understanding about the responses of halophilic enzymes in solution toward chaotropic reagents and denaturants. Salt is essential in maintaining native structure of halophilic proteins. Sufficient experimental evidences conclude that salt significantly contributes in the modulation of the protein structure/activity toward different chaotropic conditions. The salt induced protective effect on the structure against chaotropic agents, temperature and solvents as well the corresponding structural transitions establish a unique structure-function correlation in halophilic enzymes. Comprehending their differential behavior and stability under harsher conditions could lead to better understanding about the biochemical and biophysical characteristics of these proteins and their exploitation for applications in biocatalysis or biotransformation under saline or low water conditions.
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